I n eukaryotic cells, intracellular trafficking is essential for the maintenance of the membrane integrity of organelles. It involves transport of molecules (such as proteins and lipids) by vesicles from a donor compartment and to a receiving (or target) compartment. Once the vesicle is docked properly on the target membrane, fusion occurs to complete the delivery of the cargo. The fusion step is believed to be mediated by a set of membrane proteins called SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) proteins (1) . One SNARE protein (called v-SNARE) resides exclusively on the transport vesicle, whereas two or more SNARE proteins (called t-SNAREs) usually reside on the target membrane. V-and t-SNAREs recognize each other and assemble into biochemically stable trans-SNARE complexes, which bring the vesicle close to the target membrane and mediate vesicle fusion.
One intriguing question is what determines the specificity of vesicle targeting, docking, and fusion. Examination of the subcellular distribution of SNARE proteins reveals that different SNARE proteins are localized to distinct membrane compartments (2) . This observation raises the possibility that perhaps the SNARE proteins not only drive membrane fusion but that they also determine the specificity of vesicle delivery by selective assembly of SNAR E complexes. The idea that SNARE proteins mediate vesicle fusion and define trafficking specificity constitutes the core of the SNARE hypothesis postulated by Rothman and coworkers (1, 3) . Although the role of SNAREs in vesicle fusion has been generally accepted, the issue of vesicle docking and cargo delivery specificity remains a subject of intense debate. In this issue of PNAS, Schwarz and colleagues (4) demonstrate that two v-SNAREs with different tissue localizations and functions are able to substitute for each other to maintain cell viability and synaptic vesicle exocytosis in the fruit fly Drosophila. Furthermore, they show that homologous v-SNAREs from rat function equally well in place of the fly proteins. These results offer a different view of the specificity of vesicle trafficking conferred by the SNARE proteins.
The most compelling evidence to date supporting a critical role for SNARE proteins in determining vesicle fusion specificity comes from systematic studies of a large number of SNARE proteins encoded in the yeast genome. Rothman and coworkers (5) used an in vitro method to study vesicle fusion by measuring lipid content mixing from two separate liposomal vesicles, each one reconstituted with v-SNARE and t-SNAREs, respectively. In a series of recent studies (6-9), these investigators examined whether different pairs of SNARE proteins could mediate vesicle fusion in vitro. Remarkably, their results revealed that only a few pairs of SNARE proteins among hundreds of possible combinations could mediate vesicle fusion, albeit at a nonphysiological rate. Most other SNARE pairs resulted in either an inefficient fusion or no fusion at all. The authors concluded that specific pairing of cognate SNARE proteins (i.e., SNAREs found in the same membrane compartment) provides the inherent molecular mechanism for vesicle docking and compartmental specificity.
These new findings offer an attractively unified mechanism for vesicle fusion and trafficking specificity, which may explain why a particular vesicle fuses with the plasma membrane instead of the lysosome or any other intracellular organelles. However, the idea that compartmental specificity is achieved through specific SNAREs is not without its caveats, and alternative views merit consideration. First, biochemical studies have shown that SNARE proteins that normally do not reside in the same membrane compartment readily form stable complexes (10, 11) , although some complexes were later shown to be ineffective in mediating fusion in cracked PC12 cells (12) . Second, it remains unclear whether the in vitro fusion assay closely reflects vesicle fusion in vivo, where a large number of proteins exist to modulate the formation of trans-SNARE complexes. For example, the cytosolic proteins complexin and m͞unc-13 have been shown to promote the formation of SNARE complex and vesicle fusion (13) (14) (15) (16) (17) . Thus, the possibility remains that some, if not all, of the SNARE complexes that failed to mediate the aforementioned liposomal fusion may drive fusion efficiently when the appropriate in vivo cofactors are present. Third, it remains to be determined whether the diversity of subcellular localization of SNARE proteins is sufficient to determine compartmental specificity. One of the puzzling observations on the subcellular localization of SNARE proteins is that they do not always restrict their locations to the site of action. As shown in Fig. 1 , the Drosophila t-SNAR Es, syntaxin and SNAP-25, are localized not only to the synaptic terminal, but also on the entire axonal membrane (18, 19) . However, the v-SNARE synaptobrevin is found exclusively with synaptic vesicles within the synapse (20) . How do synaptic vesicles know to bypass the t-SNAREs along the axon and localize to the nerve terminal? Given this apparently paradoxical localization of SNARE proteins, it is reasonable to speculate that SNARE proteins are not involved in vesicle targeting and docking. This notion is supported by genetic studies in Drosophila (18, (20) (21) (22) , C. elegans (23) , and mouse (24, 25) , and by toxin injection studies in the squid giant axon (26) . These studies have demonstrated that perturbation of SNARE proteins, whether it is a v-SNARE or a t-SNARE, does not affect synaptic vesicle targeting and docking. In fact, the lack of spatial restriction of SNARE proteins may be a common feature also found outside the nervous system. For example, the Drosophila t-SNARE syntaxin is known to be required for vesicle fusion in all tissues (18, 27) . Instead of being restricted to the sites of active exocytosis, the yeast tSNARE sec9 (a SNAP-25 homolog) is distributed over the entire plasma membrane (28) . Finally, the yeast v-SNARE Vti1p has also been shown to interact with multiple t-SNAREs and functions in at least three trafficking pathways (29) . Now Schwarz and coworkers (4) have provided a direct test of the role of SNARE proteins in the specificity of vesicle fusion in an in vivo system. In Drosophila, there are only two characterized v-SNAREs, a ubiquitous synaptobrevin (called syb) and a neuron-specific synaptobrevin (called n-syb). Deletion of n-syb reduces spontaneous vesicle fusion and completely blocks action potential-evoked vesicle exocytosis (20) . These results suggest that normally syb does not play a redundant role in synaptic transmission. Similarly, n-syb does not normally function in the membrane compartments reserved for syb, because n-syb is not expressed outside the nervous system. Syb and n-Syb seem to overlap in the eye (see below), but there is no functional overlap between them, suggesting that they are in separate membrane compartments. Despite their distinct compartmental functions, bacterium-expressed recombinant syb and n-syb form stable SNARE complexes with the plasma membrane t-SNAREs syntaxin and SNAP-25 in vitro. Are these two v-SNAREs functionally interchangeable in vivo? By using a new genetic method recently developed in the Schwarz laboratory (30) , the authors generated mutations of these two synaptobrevins but restricted the mutation to the compound eye only. When syb was removed from the eye precursor cells, the eye failed to develop. In contrast, removal of n-syb did not have a significant effect on eye formation, but it interrupted synaptic transmission from photoreceptors to downstream neurons. They then asked whether the mutant phenotypes caused by deleting one type of synaptobrevins could be rescued by expressing wild type copies of the other synaptobrevin. Their results show that each synaptobrevin can functionally replace the other. Furthermore, homologs of syb (cellubrevin) and n-syb (VAMP2) from rat also function equally well in genetic rescue of syb mutations. To confirm further the role of syb in rescuing synaptic transmission, these investigators used a heatshock promoter to express syb in the n-syb mutant and achieved partial rescue of evoked-transmitter release at the neuromuscular junction (NMJ) synapse. It is important to note that syb expression rescued synaptic transmission to the same degree as that by n-syb expression. The results from these elegant genetic experiments argue that SNARE proteins may not be sufficient for vesicle trafficking and fusion specificity.
Could this v-SNARE swapping result be an exception rather than the rule? It is interesting to note that other genetic studies are consistent with the findings by the Schwarz group. In yeast, two yeast syntaxin homologs, Pep12p and Vam3p, function as endosomal and vacuolar t-SNAREs, respectively. Mutations of Pep12p specifically affect vesicle trafficking from the late Golgi to the endosome, whereas mutations in Vam3p only affect vesicle fusion with the vacuole. However, Pep12p and Vam3p can functionally rescue each other's mutant phenotype when they are overexpressed (31, 32) . Increasing evidence suggests that there is also a functional redundancy of SNARE proteins in vesicle trafficking regulated by endogenous transcription regulation. The yeast Sec22p is required for fusion of endoplasmic reticulum (ER)-derived vesicles with early Golgi membranes, whereas Ykt6p is a SNARE protein functioning at late stages of the secretory pathway. In the absence of Sec22p, Ykt6p is up-regulated and functionally supports the ER-Golgi pathway (33) . Similarly, depletion of SNAP-25 has no impact on synaptic transmission in Drosophila larval NMJs, likely because of compensation by another t-SNARE, SNAP-24 (34) . These genetic studies collectively suggest that SNARE pairing is insufficient to confer vesiclefusion specificity.
The SNARE hypothesis has provided an elegant conceptual framework for cell biological studies of intracellular trafficking. Driven by this major force, we have experienced a decade of unprecedented advances toward understanding vesicle fusion. However, it is also clear that some tenets of the SNARE hypothesis have been challenged and perfected by recent studies (2, 6) . Although the SNARE proteins may take central stage in the years to come, it will be beneficial also to focus on several other proteins that have emerged recently as potentially key players in trafficking and fusion specificity (35, 36) . The exocyst sec6͞8 complex has been implicated as putative tethering proteins (37) , whereas the synaptic vesicle protein synaptotagmin has been shown to stabilize synaptic vesicle docking (38) . In some cases, molecules that are least suspected may turn out to be gold mines. For example, a recent genetic study revealed that synaptic vesicles are found along the axon in mouse neuromuscular junctions deficient in the cell adhesion molecule NCAM (39) . Interestingly, these ''lost'' vesicles are fully capable of releasing transmitter through exocytosis. Future studies of non-SNARE proteins may lead us to a better understanding of mechanisms of vesicle docking and the specificity of vesicle fusion.
